We present a C-aperture encircled by a groove that makes possible the hybrid effect of coupling surface plasmon resonance to propagating waves. Compared to a single C aperture, the groove-encircled aperture can increase transmission by a factor of 2.45 in the near field and by a factor of 1.88 in the far field, showing good agreement with our theoretical calculation. © 2006 Optical Society of America OCIS codes: 050.1220 Employing a nanoaperture in a metal screen to obtain high spatial resolution beyond the diffraction limit is of utmost importance for optical storage, nanolithography, and bioengineering. Unfortunately, it coincidently suffers from poor transmission efficiency due to the mode cutoff, which forbids any propagating wave tunneling through the aperture. Therefore designing a nanoaperture to improve transmission efficiency without loss of spatial resolution is imperative. Inspired by the ridged waveguides at microwave frequencies, re-forming aperture shapes 2-5 has been proposed as one feasible approach that makes possible the existence of a propagating wave as a result of the specific boundary conditions created by the special aperture geometries. In addition to aperture studies, recent research has mainly been concerned with the surface plasmon (SP) resonant effect excited on periodically modulated surface structures 6,7 as another mechanism to enhance transmission efficiency. In this Letter, a novel nanostructure consisting of a single ridged aperture (called a C-aperture) and surface corrugation is presented. The mechanism that leads to a great improvement in transmission efficiency is also investigated.
Employing a nanoaperture in a metal screen to obtain high spatial resolution beyond the diffraction limit is of utmost importance for optical storage, nanolithography, and bioengineering. Unfortunately, it coincidently suffers from poor transmission efficiency due to the mode cutoff, which forbids any propagating wave tunneling through the aperture. 1 Therefore designing a nanoaperture to improve transmission efficiency without loss of spatial resolution is imperative. Inspired by the ridged waveguides at microwave frequencies, re-forming aperture shapes [2] [3] [4] [5] has been proposed as one feasible approach that makes possible the existence of a propagating wave as a result of the specific boundary conditions created by the special aperture geometries. In addition to aperture studies, recent research has mainly been concerned with the surface plasmon (SP) resonant effect excited on periodically modulated surface structures 6, 7 as another mechanism to enhance transmission efficiency. In this Letter, a novel nanostructure consisting of a single ridged aperture (called a C-aperture) and surface corrugation is presented. The mechanism that leads to a great improvement in transmission efficiency is also investigated.
In our model, the nanostructure is located on a finite conducting metal film, the electromagnetic properties of which can be well described by the Drude model at optical frequency. The film thickness should be at least a factor of 5 larger than the skin depth to effectively block the incident light, which is assumed to have an x polarization and a wavelength of 633 nm. To evaluate the efficiency of an aperture, the finite-difference time domain (FDTD) method is employed to calculate power throughput (PT), which is defined as the total transmitted power to the incident power impinging on the aperture area.
For a single C-aperture, the gap area plays a decisive role in determining the transmission of an electromagnetic wave, as shown in Fig. 1 . At a comparable spot size of / 6, the optimized C-aperture with a gap and a ridge length of 38 and 86 nm, respectively, can yield a PT of 1.77, whereas a 60 nm circular aperture possesses a PT of only 3.57ϫ 10 −5 , indicating an enhancement of 10 4 . Furthermore, the energy dissipation of the transmitted power as a function of the propagating distance was analyzed, as shown in Fig. 2 , to explore the essence of this great improvement of the C-aperture. The transmitted power of the 60 nm circular aperture follows an exponential decay, corresponding to an evanescent wave, but that of the C-aperture is decreased quadratically as the natural radiation of an electromagnetic wave. In other words, a propagating wave can exist beyond the C-aperture and can contribute a significant improvement in PT and deliver the energy into several hundred nanometers accordingly. We infer from this result that the peak in Fig. 1 at a gap of 38 nm can be regarded as a cutoff criterion of the propagating wave.
Subsequently, we considered the excitation of SP resonance, which dominates the extraordinary transmission through an aperture with periodic surface corrugations. 6 Meanwhile it has been demonstrated that at terahertz frequency a single groove surrounding an aperture exhibits transmission enhancement. Our calculation further reveals that, after a single groove with a pitch, width, and depth of 660, 240, and 50 nm, respectively, is added to a circular aperture, the PT in the visible light range can be typically increased by a factor of 2-5, as shown in Fig. 3 , which is comparable to the increase obtained with several grooves. It is known that SP resonance relies on the extent of the momentum and energy matching condition among the incident photons, grating vectors, and surface plasmons, 8 and one groove will correspond to a great number of grating vector components. Consequently, the SP resonance can be excited as long as some of the grating vector components fulfill the matching condition and the transmission can be enhanced accordingly. Since the SP resonant waves interfere with the transmitted waves, the lower PT of the groove-encircled circular aperture at wavelength 450 nm is attributed to destructive interference.
The PT dependence of a single C-aperture on incident wavelength exhibits a peak centered at 630 nm, as shown in Fig. 3 , because of the aperture's feature of a single ridge waveguide. After the groove is applied, the position of the peak is unchanged but the value is raised by a factor of 3.88. Such a result suggests that excited SP resonance coexists with propagating waves, which is the so-called hybrid effect. To observe the hybrid effect requires that the incident wavelength be capable of supporting propagating waves, which generates the SP resonance and results in constructive interference concomitantly. The PT contributed by the hybrid effect can reach 6.79, a factor of 3.88 greater than that obtained with the single C-aperture and 10 5 greater than that obtained with a 60 nm circular aperture.
Besides a great enhancement in PT, some more fundamental physics associated with the SP resonance is revealed in our analysis. In principle, the resonant energy flux is composed of two parts: propagating components parallel to the metal surface and an exponentially attenuated component perpendicular to the metal surface. 9 Therefore the field distribution of the surface plasmon resonance is extended in the x and y directions but exponentially decayed in the z direction. However, the width of the electric field intensity ͉͑E͉ 2 ͒ profiles of the C-aperture with and without the groove, as displayed in Fig. 4 , are identical to each other in both the x and y directions; their difference lies in the peak value. Such a result signifies that the SP resonant energy is no longer propagated on the metal surface; instead it is carried out from the surface by the propagating wave of the C-aperture. In brief, the propagating component of the SP resonant energy flux now is toward the z direction, and consequently the resonant energy contributes to the enhancement mechanism rather than being subjected to the proximity of the surface.
To demonstrate the hybrid effect, experiments on the near-field distribution and far-field PT were performed with a laser of 633 nm wavelength. Three samples with their layouts labeled in Fig. 5 were fabricated by a focused ion beam (FIB). Limited by its resolution, the C-aperture dimensions are larger than the optimized ones, which will reduce their enhancement because they are lower than the optimized values.
The near-field distribution was obtained by means of a near-field scanning optical microscope (NSOM). For the circular aperture, the transmitted energy was too weak to be distinguished from the background noise and no discernible optical spot appeared 2 ͒ at 50 nm from the single C-aperture and the grooveencircled C-aperture along the x and y directions. Given identical aperture dimensions, the line shape of the grooveencircled C-aperture exhibits a higher peak value without being broadened in comparison with that of the single C-aperture. accordingly. In contrast, an optical spot with a voltage signal of 2.75 V was obtained while scanning over the C-aperture, as shown in Fig. 6(a) , where the position of the C-aperture is outlined. Furthermore, the groove-encircled C-aperture yields an optical spot corresponding to a higher voltage signal of 6.75 V shown in Fig. 6(b) . Therefore, the measured enhancement factor is 2.45, whereas the calculated factor (in accordance with the fabricated aperture dimension) is 3.21, showing good agreement between the experiments and calculations.
We further measured the far-field PT to ensure the existence of propagating waves. For the circular aperture, the unresolved PT is consistent with the theoretical prediction that the transmitted energy falls off exponentially and is obscured by the background noise accordingly. Comparatively, the transmitted energy carried by a propagating wave supported by the C-aperture leads to a measurable PT of 0.17 in the far field. Furthermore, the PT of the groove-encircled C-aperture was 0.32, higher than that of the single C-aperture by a factor of 1.88, and agreed with the simulated far-field enhancement factor of 2.23, demonstrating that the SP resonance was excited and the energy was delivered by the propagating waves out of the metal surface to the far field.
In conclusion, the hybrid effect of the coexistence of SP resonance and the propagating wave is achieved by means of a groove-encircled C-aperture that contributes significantly to improvement in the power throughput of a nanoaperture. Theoretically, the enhancement factor is up to 10 5 , but practically it is restricted by FIB resolution. Nevertheless, both the near-and far-field enhancements of 2.45 and 1.88, respectively, have successfully demonstrated the hybrid effect of the groove-encircled C-aperture. Furthermore, compared to the unresolved transmitted energy of the circular aperture, the great improvement of such an aperture design is remarkable for versatile applications in technologies such as bioengineering, optical storage, and scanning plasmon nearfield microscopy. 
